O lder age is more strongly associated with lower carotid distensibility in women as compared with men aged 45 to 84 years (2.52×10 −5 versus 2.16×10
O lder age is more strongly associated with lower carotid distensibility in women as compared with men aged 45 to 84 years (2.52×10 −5 versus 2.16×10 −5 /mm Hg lower distensibility coefficient [DC] per year of age; P=0.006). 1 One SD lower carotid artery distensibility is associated with a 13% to 19% higher risk of strokes. 2 Thus, sex differences in arterial stiffness, and thence stiffness-related cardiovascular disease [3] [4] [5] [6] may explain the observation in the US and British nationallevel cohort analyses that age-related increase in heart disease mortality rates is blunted in men after 45 years of age but this is not seen in women. 7 The basis of sex differences in carotid artery distensibility in middle aged and older adults are not well understood. Few published reports explore the association of sex hormones with arterial stiffness and distensibility, with inconsistent results in sex-specific studies and special populations for testosterone (T), estrogen and dehydroepiandrosterone (DHEA), as reviewed by Rossi et al. 8 We aim to find the association of carotid artery distensibility with circulating levels of the sex hormones T, estradiol (E2), DHEA, and sex hormone-binding globulin (SHBG) in a large population-based US sample of middle aged and older men and postmenopausal women.
Methods

Study Sample
We analyzed data from the baseline examination of the Multi-Ethnic Study of Atherosclerosis (MESA, 2000 (MESA, -2002 , including 5761 adult men and women for this analyses (enrollment strategy in Figure  S1 in the online-only Data Supplement). The study was approved by the Institutional Review Boards of all participating institutions. Participants gave written informed consent. All procedures complied with international, federal, and institutional guidelines.
200-239, and 240+) and high-density lipoprotein (HDL)-cholesterol categories (<40, 40-59, and 60+) were defined from fasting lipid profiles. Diabetes mellitus was defined as fasting blood glucose ≥7 mmol/L or self-reported antidiabetic medication use.
Carotid Artery Imaging
Carotid distensibility was estimated from a 20-s ultrasound imaging record of the right common carotid artery and simultaneous brachial blood pressure was measured. Analysis was performed centrally using automated edge detection software. Common carotid intima-media thickness (IMT) was measured as mean of the maximum measurements of the near and far walls of the right common carotid artery.
Sex Hormone Measurements
Serum from fasting morning samples was immediately stored at −70°C. Assays for Total T, DHEA, estradiol, and SHBG were performed at the University of Massachusetts Medical Center in Worcester, MA. Bioavailable testosterone (Bio-T) was calculated using equilibrium analysis. 9 Detailed methods for clinical definitions, blood pressure measurement, carotid imaging, and sex hormone measurement are provided in the online-only Data Supplement.
Statistical Analysis
The demographic, cardiovascular risk profile, and sex hormone profile of men and women in the sample was tabulated.
All analyses to test the association of sex hormones with carotid distensibility were performed separately for men and women. Because sex hormone levels are right skewed, we used sex-specific hormone quartiles for these analyses.
If A is the arterial cross sectional area, P is the arterial pressure, and Δ represents the change in diameter and pressure from diastole to systole arterial distensibility coefficient (DC) is defined 10 as:
Higher DC indicates more distensible vessels. We took advantage of the slope Δ(logA)/ΔP definition of DC to calculate the adjusted association of sex hormones with DC. The slope adjusting for both logA and P was calculated in a single step in mixed model linear regression analysis by making the within-person log(diameter) the dependent variable and blood pressure the independent variable of linear regression analyses. The interaction of this slope with other independent variables gives the adjusted association of distensibility with the other independent variables. Illustrative examples of this regression model with small data sets have been previously presented, 1, 11 and also included in the Appendix S1. The models adjusted for age, race, height, weight, the mean of systolic and diastolic blood pressure diabetes mellitus, current smoking, antihypertensive medication use, total cholesterol and HDL-cholesterol categories and only in women, the use of hormone replacement therapy. Preliminary analyses show that sex-specific hormone quartiles for Bio-T only were associated with IMT, thus Bio-T analyses were also further adjusted for IMT. Heterogeneity by sex of hormone quartile linear trend with carotid artery properties was assessed using the test of differences using SEs.
Supplementary Data Analysis
Association results for quartiles of total testosterone and analysis stratifying women by current hormone replacement therapy use are presented in the online-only Data Supplement. We tested whether there was any statistically significant interactions by race in the association of any sex hormone with either carotid DC or diameter. We examined if the associations found in the main analysis were robust to further adjustment for (1) pulse rate measured during the imaging, (2) educational attainment as a proxy for socioeconomic status, (3) habitual moderate to vigorous weekly activity, (4) carotid intima media thickness, (5) type of hormone therapy used (estrogen or estrogen and progesterone) for women, and (6) medical or surgical menopause in women.
Results
The demographic, cardiovascular risk factor, carotid vascular measurement, and sex hormone distributions show the profiles expected for this middle aged and older men and postmenopausal women in a population-based sample ( Table 1) . Table 2 shows the association of sex hormone quartiles with carotid DC and diameter in women. Higher levels of the androgenic hormones bioavailable testosterone and DHEA were associated with less distensible (stiffer) carotid arteries. However, the association of Bio-T does not remain significant after adjustment for IMT. Higher levels of SHBG were associated with more distensible carotid arteries. Higher levels of E2 were associated with smaller diameter in women. Nonmonotonic relationships of the association of carotid diameter were seen for DHEA in women, the highest quartile being associated with larger diameters.
Association of Carotid Artery Properties With Sex Hormone Quartiles in Women
The association of carotid measures with total testosterone quartiles, which combines bioavailable testosterone and SHBG, are presented in the Table S1 , where the association with DC in women is nonsignificant.
Analysis in women stratified by current HRT use is presented in Tables S2 and S3 . The association of Bio-T with lower DC was stronger in women who were not on HRT, and nonsignificant in those on HRT. The associations of carotid DC and diameter were qualitatively similar in both the strata of women for E2, DHEA and SHBG.
Association of Carotid Artery Properties With Sex Hormone Quartiles in Men
In men, higher levels of bioavailable testosterone were associated with more distensible carotid arteries, although this association was significant at the borderline after adjustment for IMT (Table 3 ). Higher levels of estradiol were associated with less distensible carotid arteries. Higher levels of E2 were associated with smaller carotid diameter. Only the 2 highest quartiles of Bio-T were associated with smaller carotid diameters.
Sex Differences in Linear Trends for Association of Carotid Artery Properties and Sex Hormone Quartiles
There was statistically significant sex difference between the linear trends of the Bio-T quartile association with DC (P=0.001), DHEA quartile association with DC (P=0.029), whereas the sex difference in DHEA quartile association with diameter was borderline significant (P=0.051).
There were no statistically significant interactions by race for any of the associations. Our results were robust to further adjustment by factors included in sensitivity analyses (detailed in the online-only Data Supplement).
DHEA is associated with less distensible arteries in women, and DHEA is associated with larger arterial diameter. Higher Bio-T had the opposite associations in men: higher DC and smaller diameter. Higher SHBG levels were associated with lower DC only in women. The Bio-T associations may be mediated by thicker IMT.
Arterial stiffness is associated with cardiovascular events, [3] [4] [5] [6] and low carotid distensibility is specifically associated with greater stroke risk. 2 Consistent with our findings, in previous reports, higher levels of testosterone in men were associated with lower arterial stiffness, 12, 13 but SHBG or DHEA-sulfate were not, 12 and in a study of 120 postmenopausal women higher levels of estradiol and DHEA-sulfate were associated with greater arterial stiffness.
14 Polycystic ovary syndrome, an androgenic state in women is associated with greater arterial stiffness, 15 whereas lower testosterone and lower SHBG in men with erectile dysfunction are associated with greater pulse pressure, a measure of arterial stiffness. 16 In MESA, higher levels of E2, testosterone, and DHEA in postmenopausal women were associated with longitudinal increases in blood pressure, but this was attributable to adiposity; the association of low SHBG with increasing blood pressure was independent of adiposity. 17 This finding is consistent with our results in to date as arterial stiffness contributes to higher blood pressure. Cross-sectional studies have shown that higher T 18 and DHEA-sulfate 19 levels were associated with high blood pressure in women, in agreement with our findings. Sex differences in cross-sectional associations of Interventional studies show that exogenous testosterone is associated with lowering of blood pressure 22, 23 and lowered arterial stiffness in hypogonadal men. 24 These findings may suggest that our observational associations may be because ) and percent differences in the geometric means of systolic and diastolic carotid diameters (Δdiam) of sex-specific quartiles of hormones with reference to the lowest quartile, by sex with 95% confidence intervals. The sex-specific quartile thresholds are given in Table 1 . The models were adjusted for age, race, height, weight and mean of systolic and diastolic pressure, diabetes mellitus, current smoking, use of blood pressure medications, and total and HDL cholesterol categories.
*Additionally adjusted for right common carotid intima media thickness. ) and percent differences in the geometric means of systolic and diastolic carotid diameters (Δdiam) of sex-specific quartiles of hormones with reference to the lowest quartile, by sex with 95% confidence intervals. The sex-specific quartile thresholds are given in Table 1 . Adjusted for age, race, height, weight and mean of systolic and diastolic pressure, hormone replacement therapy, diabetes mellitus, current smoking, use of blood pressure medications, and total and HDL cholesterol categories.
*Additionally adjusted for right common carotid intima media thickness. of the effect of androgenic sex hormones on arterial stiffness; however, we note that these interventional studies are in special populations, some with small sample sizes. In small studies, T therapy was not associated with any change in blood pressure in hysterectomized women, 25 and DHEA therapy was not associated with changes in arterial stiffness in men and women with adrenal deficiency. 26 In a small study including men and women, DHEA therapy improved arterial stiffness overall, however, the sample was too small to show sex differences in this effect. 27 Estrogen therapy was associated with inconsistent results, either no association with arterial stiffness 28, 29 or some reduction in arterial stiffness. 30 The possible reduction in arterial stiffness in 1 small study is contrary to the expectation based on our large but cross-sectional analysis. In MESA, we have previously shown that higher levels of E2 were associated cross-sectionally with glucose intolerance and diabetes mellitus, 31, 32 and longitudinally with worsening of cardiometabolic profile, including central obesity 33 in women and men, and diabetes mellitus incidence in women. 34 We thus think that higher E2 in postmenopausal women may be more likely to increase rather than decrease vascular risk.
Our findings of the association of carotid arterial size with sex hormones are novel. Larger arterial size is associated with a worse cardiovascular profile, 35 active coronary plaque volume, 36 and cardiovascular events. 37 Our findings underline the complex relation of estrogen with arterial health: higher E2 was associated with smaller carotid diameter, but lower carotid DC.
Possible mechanisms of action of sex hormones on the vasculature from animal and cellular studies may include relaxation of vascular smooth muscle cells and increased endothelial nitric oxide production by estrogen (reviewed by Skafar et al 38 ). Other cellular mechanisms include reduced matrix collagen deposition by estrogen-treated human vascular smooth muscle cells as compared with testosterone-treated cells, and matrix metalloproteinase expression induced by testosterone. 39 However, we cannot currently link these basic biological studies with the specific sex differences found in our study.
The large representative multiethnic sample with standardized clinical and imaging protocols is a strength of our study. Our regression methodology also appropriately adjusted for confounding by blood pressure in a single mathematical step. Our study has certain limitations: we did not measure estrone, the major circulating estrogen in postmenopausal women. However, E2 is the most potent circulating estrogen, thus our findings are likely to be valid. Another limitation is that we used brachial artery blood pressure as a proxy for carotid artery blood pressure. However, this estimate of carotid distensibility has been previously shown to predict clinical events, 2 and this approximation likely to be useful. Our study only measured distensibility in the right carotid artery. However, we do not think that there should be a systematic difference in the associations of hormones with left versus right arterial properties.
Perspectives
We have found that a more androgenic circulating mileu is associated with worse carotid artery distensibility and larger diameters in women, but the opposite associations in men. Higher estradiol levels are associated with less distensible, smaller diameter vessels in both men and women. Future cellular and animal studies of the effects of sex steroids on vascular tissue may need to be designed to examine the mechanism of these sex differences. Future longitudinal population studies and larger intervention studies may reveal if these associations are associated with preventable clinical events.
Sources of Funding
What Is New?
• We show the association between sex hormone levels with arterial distensibility.
What Is Relevant?
• An androgenic internal milieu is associated with lesser carotid distensibility and diameter remodeling in women, but the opposite is true for men. Higher levels of estradiol are associated with smaller carotid diameters in both sexes. 
Supplementary Methods and Data Appendix
Recruitment and Flow of Study Participants
As per the protocol of the Multiethnic Study of Atherosclerosis (MESA), The MESA cohort was drawn from six regions in the U.S.: Forsyth County, NC; Northern Manhattan and the Bronx, NY; Baltimore City and Baltimore County, MD; St. Paul, MN; Chicago and the village of Maywood, IL; and Los Angeles County, CA. Prior and concurrent to recruitment, the purpose, rationale, and design of the study was publicized to residents of target areas. Successive efforts were directed at targeted households or individuals, and included mailings of letters and brochures, followed by personal contacts via telephone or in person. Phone calls were the primary method of recruitment at all Field Centers. The MESA cohort was comprised of men and women of diverse ethnic background who are 45 to 84 years old at the baseline exam and free of clinical cardiovascular disease. Individuals of African-American, Chinese-American, Hispanic-American and Caucasian-American race/ethnicities were enrolled in pre-specified proportions
The flowchart below shows the inclusion and exclusion of participants in this analysis. 
Analysis Sample
All study staff were trained centrally and certified regarding the use of an automated oscillometric blood pressure device. The instrumentation used was Dinamap® automated blood pressure device (Dinamap Monitor Pro 100®, which includes printer paper, power cable, and power converter) along with blood pressure cuffs in a variety of sizes (Dura-cuf Adult Assortment Pack® [#2699]), that were chosen after measurement of arm according to the Critikon® chart. The participant was seated during the measurement. The participant rested 5 minutes after placement of the cuff. Three sequential measurements of blood pressure were obtained with a 2-minute gap between measurements. The average of the second and third readings of systolic and diastolic blood pressure was used for these analyses.
Detailed methods for the measurement of distensibility:
Carotid artery distensibility was estimated from a 20-second 2-D ultrasound imaging record of the right common carotid artery using a Logiq 700 machine (General Electric Medical Systems), and simultaneous brachial blood pressure measured using the Dinamap® apparatus.
The imaged segment of the distal common carotid artery was at least 1 cm below the carotid bulb or 18 mm below the flow divider if the fusiform bulb was not apparent. The sonographer checked that there were no focal areas of intimal medial thickening involving either the near or far walls. In such situations, the transducer was displaced inferiorly, down the neck, until a 1-cm long segment without focal disease was identified.
Analysis was performed at the reading center at Tufts Medical Center, Boston, MA, where systolic and diastolic luminal carotid diameters were measured using automated edge detection software. For two blinded replicate images taken on the same day (n=89) the correlations between systolic and diastolic diameters and diameter change were 0.93, 0.94 and 0.66, respectively.
Sex hormone measurements:
Fasting morning blood samples were drawn between 7:30 and 10:30 am, with serum was immediately frozen and stored at -70C. Assays were performed at the University of Massachusetts Medical Center in Worcester, MA. Total T and DHEA were measured directly using radioimmunoassay kits, and SHBG was measured by chemiluminescent enzyme immunometric assay using Immulite kits obtained from Diagnostic Products Corporation (Los Angeles, CA). Estradiol (E2) was measured by use of an ultra-sensitive radioimmunoassay kit from Diagnostic System Laboratories (Webster, TX). The intra-assay coefficients of variation for total T, SHBG, DHEA, and E2 were 12.3%, 9.0%, 11.2%, and 10.5%, respectively.
Definition of menopausal/hormonal variables and variables used for sensitivity analyses:
Postmenopausal status was defined as a questionnaire response stating either that menopause had occurred or an age at menopause was given or if the woman's age was 55 years or older. Composition of hormone therapy was either estrogen alone or estrogens and progestins combined, based on separate questions regarding estrogen or Premarin use and progestin use. Education was considered as a four level variable: less than high school, high-school complete, some college but not graduation, and college graduate or more. Physical activity adjustment was based on the number of number of MET-minutes spent weekly on moderate or vigorous physical activity in questionnaires.
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Illustrative explanation of the regression model to determine group differences in carotid artery distensibility coefficient:
Arterial distensibility coefficient (DC) is defined as:
where A is the arterial cross sectional area, P is the arterial pressure and Δ represents the change in area and pressure from diastole to systole. 1 A higher DC indicates a more distensible vessel. We calculated DC in every person for tabulation of sample characteristics. However, we took advantage of the "slope Δ(logA)/ΔP" definition of DC to calculate the adjusted association of sex hormones with DC, because slopes adjusting for both logA and P can be calculated in a single step in mixed model linear regression analysis.
The model is specified as follows for analysis of four hormone quartiles coded as three dummy variables (i.e., hormone quartile 1 Reference quartile: H2 = 0, H3 = 0, H4 = 0; hormone quartile 2: H2 = 1, H3 = 0, H4 = 0; hormone quartile 3: H2 = 0, H3 = 1, H4 = 0; hormone quartile 4: H2 = 0, H3 = 0, H4 = 1):
for the ith condition (diastole or systole) of the jth individual and the kth hormone quartile. Random effects are estimated for the average log-areas (log-area at the average of the systolic and diastolic pressure for each individual) and the slope of the log-area to pressure slope for every individual, which is determined using diastolic and systolic pressure ( and , respectively). The coefficients βH,k,intercept and βH, k, slope can be interpreted as the fixedeffect association of the binary covariate with the mean area and the fixed-effect difference in slopes (i.e., the material properties of the artery) associated with the covariate. This specification can be generalized to any categorical or linear As an illustration, we will show a comparison of only two groups; say the lowest hormone quartile vs. the highest hormone quartile. We graph the data from 6 individuals from the lowest hormone quartile (closed circles, solid lines) and 6 age, race and height matched individuals from the highest hormone quartile (open circles, dashed lines).
For each individual, the cross-sectional area of the right common carotid artery during systole and diastole on the logarithmic scale is plotted against the excursion of the pressure during systole and diastole from the mean of the systolic and diastolic pressures. The mixed model regression fits an intercept, i.e., the log(area) at the mean of systolic and diastolic pressures, and a slope of log(area) vs. pressure to each individual as random effects. The overall fit for the two groups (thick black line for lowest hormone quartile and thick grey line for highest hormone quartile) is estimated as the fixed effect of the regression. The group mean of distensibility is 2×(fixed effect slope), as defined above. The mean of the systolic and diastolic blood pressures, and other confounders of blood pressure, e.g., age, race, etc., are included as covariates in this regression. Because blood pressures and areas enter separately as independent and dependent variables in this regression, the estimates for group mean distensibility are fully and appropriately adjusted for the confounders. Absolute differences in carotid distensibility coefficients (Δdist, × 10 -6 Pa -1 ) and percent differences in the geometric means of systolic and diastolic carotid diameters (Δdiam) of sexspecific quartiles of hormones with reference to the lowest quartile, by sex with 95% confidence intervals. The sex-specific quartile thresholds are given in Table 1 . Models were adjusted for age, race, height, weight and mean of systolic and diastolic pressure, diabetes mellitus, current smoking, and use of blood pressure medications, total and HDL cholesterol categories and hormone replacement therapy only in women.
